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PuPO4 was prepared by a solid state reaction method and its crystal structure at room temperature was
solved by powder X-ray diffraction combined with Rietveld reﬁnement. High resolution XANES mea-
surements conﬁrm the þ III valence state of plutonium, in agreement with valence bond derivation. The
presence of the americium (as β decay product of plutonium) in the þ III oxidation state was de-
termined based on XANES spectroscopy. High resolution solid state 31P NMR agrees with the XANES
results and the presence of a solid-solution.
& 2015 Elsevier Inc.. Published by Elsevier Inc. All rights reserved.1. Introduction
Natural monazite minerals (Ce–, La–, and NdPO4), as well as
their synthetic analogues MIIIPO4 (MIII¼Bi, La, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Pu, Am, and Cm), all crystallize in the monoclinic space
group P21/n (No 14) [1–4]. This structure was ﬁrst solved by
Mooney [5] for LnPO4 (Ln¼ La, Ce, Pr, and Nd), while a compre-
hensive structural characterization of LnPO4 (Ln¼ La–Gd) has been
made on single crystals by Ni et al. (1995) [6]. The structure con-
sists of chains of alternating edge-linked ninefold-coordinated
cations and distorted tetrahedral phosphate groups. Monazites do
not undergo any phase transition under high temperature or
moderate pressure [7].
Phosphates compounds (e.g. monazites, diphosphates, brit-
holites, thorium phosphate-diphosphate, NZP-like phosphates)
have been identiﬁed as potential candidates for the conditioning
and disposal of transuranium elements [8–15]. In the case of
plutonium, both tri- and tetravalent oxidation states can be ac-
comodated in these compounds. The existence of monoclinic
PuPO4 was ﬁrst reported by Bjorklund [16,17] who prepared this
compound by the thermal decomposition of PuIV oxalatopho-
sphate (P:Pu¼1:1) and also by the dehydration of rhabdophane-
like PuPO4 nH2O. The oxidation of PuPO4 to PuP2O7 in the pre-
sence of BPO4 and thermal reduction of PuP2O7 to PuPO4 (underr Inc. All rights reserved.
Raison).Ar-4% H2 or under air) were also observed by Bamberger et al. [18]
This decomposition was also reported by Dacheux et al. when
studying the potential formation of plutonium phosphate-dipho-
sphate [19]. Solid solutions CaNp1–xPux(PO4)2 with limited solu-
bility of PuIV (xr0.3) were obtained by Tabuteau et al., [20] which
was explained by instability of the tetravalent oxidation state re-
lative to the trivalent plutonium at higher substitution degree.
Thermal behaviour, lattice parameter evolution and decomposi-
tion of PuPO4 have been reported earlier by our group and it was
found that PuPO4 decomposes to PuO2 and P4O10 under a nitrogen
atmosphere above 1100 °C [21]. The heat capacity and the mag-
netic properties of this speciﬁc compound have also been mea-
sured [22–24].
Since no full X-ray diffraction reﬁnement has been proposed to
date for PuPO4, we present here the crystal structure of PuPO4 solved
by Rietveld analysis at room temperature in combination with X-ray
Absorption Near Edge Structure (XANES) spectroscopy measure-
ments. The synthesis method (reaction of PuIV oxide with a phos-
phate agent under inert atmosphere) requires special attention to the
determination of the oxidation state of plutonium in this compound.2. Experimental
2.1. Synthesis
The synthesis of PuPO4 has been carried out in alpha-tight
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crystalline PuPO4 was obtained by a conventional solid state route
[25]. A mixture of PuO2 (containing about 2% 241Am due to 241Pu
decay) and (NH4)2HPO4 (Aldrich, 99.99%) was ground and ﬁred
slowly (heating and cooling ramps of 100 °C/ h) under an argon
atmosphere (purity: 99.96%, containing less than 7 ppm H2O) up
to 1000 °C with a dwell time of 12 h in an alumina crucible. A dark
violet powder was obtained. To prepare a pure compound, an
excess of 5% (NH4)2HPO4 was necessary. Applying higher tem-
perature results in the decomposition of PuPO4.
2.2. XRD measurements
The crystal structures of PuPO4 was determined at room tem-
perature by X-ray diffraction (XRD) using a Bruker D8 Advance
X-ray diffractometer (measurement at λ¼1.54056 Å) mounted in
the Bragg–Brentano conﬁguration with a curved Ge mono-
chromator (111), a copper tube (40 kV, 40 mA), and equipped with
a LinxEye position sensitive detector. The data were collected by
step scanning in the angle range 10°r2θr120°, with an in-
tegration time of about 48 h, an angular step of 0.0131524° (2θ). In
order to improuve statistics at higher angles, a variable counting
time was applied: 2 s/step between 15°r2θr23.98°, 3.66 s/ step
between 24°r2θr37.48°, 7.95 s/ step between
37.49°r2θr55.47°, 17.83 s/ step between 55.48°r2θr77.96°
and 35.21 s/ step between 77.97°r2θr120°. The sample pre-
paration for XRD analysis involved dispersing the powder on the
surface of a silicon wafer with several drops of isopropanol.
Structural analysis was performed by the Rietveld method with
the Fullprof2k suite after normalization of the XRD data [26].
2.3. XANES measurements
XANES data acquisition was performed on 1 mg of PuPO4
powder mixed with BN at the SOLEIL synchrotron (France) on the
MARS beamline [27]. The Pu and Am LIII XANES spectra were re-
corded simultaneously in total ﬂuorescence yield (TFY) mode
using a mono-element silicon drift detector (SDD) placed at 45°
from incident beam, and in high energy resolution ﬂuorescence
detection (HERFD) mode using a crystal analyzer spectrometer.
The sample, analyzer crystals and photon detector were arranged
in a vertical Rowland geometry. The plutonium LIII and americium
LIII HERFD–XANES spectra were obtained by recording the in-
tensities of the Lα1 d p3 .25/2 3/2( ) ﬂuorescence lines of plutonium
( 14,282 eV) and americium ( 14,620 eV) as a function of the in-
cident energy. These emission energies were selected using the
(111) reﬂection of a spherically bent Ge crystal analyzer (with 1 m
bending radius) aligned at 21.5° or 24.7° Bragg angle, respectively.
In that case, the features observed in the spectra are no longer
limited by the p2 3/2 core–hole lifetime but by the sharper d3 5/2
level. Based on initial and ﬁnal core–hole involved [28], the
broadening observed in HERFD spectra is equal to 3.8 eV and
3.9 eV for plutonium and americium, respectively. To determine
the oxidation states of plutonium and americium, the XANES
spectra of PuPO4 were compared to those of compounds with
well-deﬁned plutonium and americium valences. PuIII-oxalate [29]
and PuIVO2.00[30] have been used as reference compounds for PuIII
and PuIV, while ThIV0.80AmIII0.20O1.90 and ThIV0.80AmIV0.20O2.00 are refer-
ences We propose PuPO4 as a potential reference material for
spectroscopic and microscopic studie for AmIII and AmIV[31], re-
spectively. Oxidation states for each cation were derived using a
linear combination of these normalized reference spectra. The
experimental data were ﬁtted between 20 eV and þ30 eV with
respect to the white line position. The total ﬂuorescence spectra
were corrected for self-absorption by using the algorithm “ﬂuo” asimplemented in the ATHENA code [32].
2.4. 31P MAS NMR measurements
Magic angle spinning (MAS) NMR experiments were performed
on a 9.4 T Bruker spectrometer at the Larmor frequency of
161.976 MHz. This equipment is combined with an active glovebox
dedicated to the handling of radioactive materials, and described
in detail elsewhere [33]. The rotor was spun between 30 and
50 kHz. The single pulse experiment was made with a duration of
3.2 μs (π/2). The spectrum was calibrated relative to a solid
NH4H2PO4 (0.9 ppm) [34] and it was ﬁtted using the “dmﬁt”
software [35] with the option “CSA mas”.3. Results and discussions
3.1. Crystal structure of PuPO4
As already mentioned in the introduction, PuPO4 crystallizes in
the monoclinic system and is isostructural to the mineral mon-
azite, LnPO4 (Ln¼ La, Ce, and Nd). The space group is P21/n (No 14)
and Z¼2. The reﬁned lattice parameters of PuPO4 are a¼6.759
(1) Å, b¼6.980(1) Å, c¼6.447(1) Å, and β¼103.63(1)°. The corre-
sponding volume of the unit cell is 295.6 Å3, slightly higher than
reported previously in the literature [25,36]. The X-ray diffraction
pattern of PuPO4 after Rietveld analysis is shown in Fig. 1. The
increased counting time at higher 2θ was essential in order to gain
sufﬁcient statistics to have high quality data.
PuPO4 has a structure comprising PuO9 nine-vertex polyhedra
and PO4 tetraedra linked by oxygen atoms into a three-dimen-
sional network, as shown in Fig. 2. The polyhedra share edges to
form chains that extend in the b direction and are linked in the c
direction by the PO4 tetraedra. The PuO9 polyhedra also form
layers along the [101] direction. The results are summarized
Tables 1 and 2.
In PuPO4, the plutonium is expected to be trivalent. The PuIII
radius in a nine-fold coordination arrangement can be estimated
by extrapolation as PuIII (CN9)¼1.187 Å from David's data [37]. In
Fig. 3 the experimental volume of the PuPO4 unit cell is compared
to the evolution of unit cell volumes of lanthanide and actinide
monazite compounds reported in the literature. The unit cell vo-
lume of PuPO4 (V¼295.59 Å3) ﬁts perfectly with the established
linear trend [36] and its value is very close to that of praseody-
mium phosphate. Interatomic distances and angles in PuPO4 are
reported and compared to those in PrPO4 in Table 3.
As one can notice, PuO9 polyhedra and PO4 tetrahedra both
show a stronger distortion, as already observed for some other
monazite-like phosphates [39,40]. There are not much difference
in the structure of PuPO4 and PrPO4. Angles are rather similar. Only
P–O1 distance shows a signiﬁcance difference and concomitantly
the Pu–O1 and Pr–O1 distances. This could be due to the different
electronic conﬁguration of the two cations.
With the interatomic distances determined from the Rietveld
analysis, one can now apply the bond-valence method to assess
the oxidation state of the atoms (Table 4), i.e. by using the program
Bond-String implemented in the Fullprof2k suite. The latter im-
plements the empirical Zachariasen's formula s¼ exp{(d0–d)/B0}
and data from the literature [41,42].
The calculated valence states of plutonium, phosphorus and
oxygen atoms are close to þ3, þ5, and 2, respectively, and are
consistent with the expected values. Nevertheless, to conﬁrm the
oxidation state of the plutonium in the PuPO4 compound, XANES
spectroscopy experiment was undertaken.
Fig. 1. Rietveld reﬁnement of PuPO4. Comparison between the observed (Yobs, in red) and calculated (Ycalc, in black) X-ray diffraction pattern of PuPO4 phase. Yobs–Ycalc (in
blue) is the difference between the experimental and calculated intensities. The Bragg reﬂections are marked in blue ticks. Inset: primary XRD data collected by step scanning
with a variable counting time. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. Crystal structure of the PuPO4 compound.
Table 1
Unit cell parameters and results of the Rietveld
reﬁnement for PuPO4.
Formula unit PuPO4
a 6.759(1) Å
b 6.980(1) Å
c 6.447(1) Å
β 103.63(1)°
V 295.59 Å3
Space group P21/n (No¼14)
Z 2
Reﬁned parameters 40
Rwp 4.15%
RP 3.76%
RB 5.50%
Rexp 2.15%
GOF 3.74
RP¼Σ[yi(obs)–yi(calc)]/ Σyi(obs);
Rwp¼{Σwi [yi(obs)–yi(calc)]2/Σyi(obs)}1/2.
RB¼Σ [Ihkl(obs)–Ihkl(calc)]/ ΣIhkl(obs);
GOF¼Rwp/Rexp.
Table 2
Atomic positions in the PuPO4 compound.
Atom x y z Biso (Å2)
Pu 0.2181 (2) 0.1578 (2) 0.4006 (2) 0.10
P 0.202 (2) 0.162 (2) 0.892 (2) 0.80
O1 0.246 (3) 0.516 (3) 0.444 (3) 0.77
O2 0.031 (4) 0.113 (3) 0.695 (4) 1.29
O3 0.374 (3) 0.211 (3) 0.784 (4) 0.40
O4 0.123 (3) 0.330 (4) 1.006 (4) 0.60
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The plutonium oxidation state in PuPO4 was experimentally
derived from XANES measurements. The Pu LIII HERFD–XANES
spectra are presented in Fig. 4. The corresponding energies of in-
ﬂection point and white line positions are provided in Table 5.
There is a shift of 2.9 eV toward lower energy in the inﬂection
point position of PuPO4 compared to PuO2.00. One can notice that
this is even higher than the difference between PuIII oxalate and
PuO2.00 (2.4 eV). Although one could have expected a fair align-
ment between all pure PuIII compounds, this does not mean that
the valence of plutonium deviates from þ III in PuPO4. It has ac-
tually been reported for various well-deﬁned PuIII compounds that
the difference of inﬂection point positions with PuO2 can be higher
than 2.4 (eV). A similar Nd-containing compound,
(NdIII0.50PuIII0.50)PO4, exhibits a shift of 3.1 eV [43], which is in fair
agreement with our value of 2.9 eV in this study. The difference
compared to PuIII oxalate might be understood from the variouslocal geometry of plutonium in PuPO4 and in PuIII-oxalate. The
XANES measurements show then that plutonium is trivalent and
conﬁrm our BVS calculation.
Due to the production of 241Am by β decay of 241Pu we found
Fig. 3. Evolution of the unit-cell volume of monazites as a function of nine-fold
coordinated cationic radius extrapolated from David [37]. The unit-cell volume
values of AmPO4 and CmPO4 are taken from [25,36,38] while for PuPO4 the present
result is shown.
Table 3
Selected distances and angles observed in PuPO4 and PrPO4 compounds.
PuPO4 PrPO46
Pu–On distances, Å Pr–On distances, Å
Pu–O1¼2.481(3); 2.509(3) Pr–O1¼2.439(3); 2.515(3)
Pu–O2¼2.505(3); 2.538(3) Pr–O2¼2.448(3); 2.564(3)
Pu–O3¼2.450(3) Å 2.474(3) Pr–O3¼ 2.435(3); 2.503(3) Å
Pu–O4¼ 2.542(3); 2.661(3); 2.754(3) Pr–O4¼ 2.544(3); 2.631(3); 2.778(3)
P–On distances, Å P–On distances, Å
P–O1¼1.477(3) P–O1¼ 1.530(3)
P–O2¼1.543(3) P–O2¼ 1.538(3)
P–O3¼1.527(3) P–O3¼ 1.532(3)
P–O4¼1.542(3) P–O4¼ 1.547(3)
Angles in PO4 tetrahedra, ° Angles in PO4 tetrahedra, °
O1–P–O2¼116.0(4) O1–P–O2¼113.04(2)
O1–P–O3¼114.3(4) O1–P–O3¼112.66(2)
O1–P–O4¼104.7(3) O1–P–O4¼105.54(2)
O2–P–O3¼100.2(4) O2–P–O3¼103.82(2)
O2–P–O4¼106.4(4) O2–P–O4¼108.18(2)
O3–P–O4¼115.4(4) O3–P–O4¼113.70(2)
Table 4
Calculated oxidation state of the atoms in the
PuPO4 compound.
Atom Calculated value of the oxidation state
Pu þ2.85
P þ5.18
O1 2.17
O2 1.88
O3 2.05
O4 1.94
Fig. 4. Pu LIII HERFD–XANES spectra of PuPO4 and PuIVO2.00.
Table 5
Inﬂection point (I.P.) and white line (W.L.) energies of PuLIIIPuPO4 compared with
reference compounds (ΔE PuO2 (eV): energy difference with PuO2).
Pu LIII XANES
I.P. (eV) ΔE PuO2 (eV) W.L. (eV) ΔE PuO2 (eV)
PuPO4 (HERFD) 18059.2 2.9 18061.6 5.1
PuIVO2.00 (HERFD) 18062.1 0 18066.7 0
Oxalate PuIII (transmission) 18058.9 2.4 18062.8 4.1
Fig. 5. Americium LIII self-absorption corrected HERFD–XANES spectrum of a
PuPO4 sample compared with ThIV0.80AmIII0.20O1.90 and ThIV0.80AmIV0.20O2.00 reference
compounds.
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sponding Am LIII XANES spectrum, presented in Fig. 5, shows that
its white line is well aligned with ThIV0.80AmIII0.20O1.90, indicating that
americium is trivalent in PuPO4.
No difference of shape of the white line or periodicity on the
ﬁrst oscillation is observed. Considering the low content of
americium, no EXAFS data could be collected to identify the
americium local environment, limiting the clear identiﬁcation of
the americium compound. However, the presence of AmIII instead
of AmIV is fully in agreement with an AmIII-phosphate. Based onthe chemical/ isotopic compositions and the age of the original
PuO2, one may conclude that the analyzed sample is actually a
solid solution with the chemical formula Pu0.98Am0.02PO4.
3.3. 31P MAS NMR
The local structure around the phosphorus nuclei was probed
Fig. 6. 31P MAS NMR spectrum of PuPO4 acquired at 35 kHz. The stars stand for the
spinning sidebands.
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35 kHz is presented in Fig. 6.
This spectrum is deﬁned by a main peak (92.0(1) % of the sig-
nal) at 268.5 ppm with a full width at half maximum of
12.3 ppm and a chemical shift anisotropy tensor (ΔCSA) of
274.6 ppm. Additional peaks are detected at 210.4, 164.1 and
117.6 ppm with 5.38(3), 1.4(2) and 1.2(1)% of the total intensity,
respectively. All of these shifts are outside the normal range of 31P
chemical shifts found for diamagnetic (i.e., unpaired electrons)
crystalline phosphates as reported by Turner et al., [34] indicating
a paramagnetic behaviour.
As mentioned before, XANES results show presence of trivalent
americium in this sample and the chemical formula of
PuIII0.98AmIII0.02PO4 is suggested. Due to the presence of unpaired
electron in the cation shell (in our case 5f-electrons), a para-
magnetic shift can appear, and by its nature will be very sensitive
to the oxidation states, orbital occupancy, and coordinating geo-
metries of the neighbouring cations. The appearance of additional
peaks in MAS NMR performed on solid solutions is in line with the
different local environments around the 31P atom [44–47].
A recent NMR study of uranium–neptunium mixed oxides has
shown that the technique is sensitive to amounts as low as 1 mol%
[48]. Considering a randomly distributed network, one should
expect for this composition two types of phosphorus environ-
ments: one phosphorus surrounded by four plutonium atoms
(P(O)4(Pu)4) and one phosphorus surrounded by three plutonium
and one americium (P(O)4(Pu)3(Am)1), and therefore two NMR
signals. The theoretical contributions, calculated using a binomial
distribution are 93% for P(O)4(Pu)4 and 7% for P(O)4(Pu)3(Am)1,
which are close to the intensities of the peaks at 268.5 and
210.4 ppm, strongly suggesting that such a solid solution was
obtained. Nevertheless, a full conﬁrmation of this observation can
only be achieved by comparing this composition with other con-
centrations in the plutonium–americium solid solution family and,
of course, of pure AmPO4. Such an experimental investigation is
beyond the scope of this paper. A ﬁrst hypothesis for the presence
of the two remaining peaks at 164.07 and 117.61 ppm could be
the presence of impurities [11,49] which cannot be detected in the
XRD pattern due to their very low concentration and the numer-
ous Bragg reﬂexions characteristic of this crystalline structure. A
second, more likely hypothesis, could be linked to the relatively
similar area of these peaks. In fact, Palke & Stebbins [50] observedin lanthanide monazite solid solution the presence of at least se-
ven small extra peaks with the same relative area and attributed
them to the PO4
3− tetrahedra having seven crystallographically
distinct Ln-O9 polyhedra in their ﬁrst cation coordination shell.
The same scenario may occur here, but due to the very large range
of NMR shifts covered, an overlapping of the different signals may
have occurred.
As the NMR shifts are sensitive to the local environment, it is
interesting to compare lanthanide and actinide monazites data. In
our case, the 31P shift of the main peak -P(O)4(PuIII)4 environment,
(5f3 electronic conﬁguration) can be compared with that reported
for NdPO4, P(O)4(NdIII)4 environment (4f3 electronic conﬁgura-
tion) as they both possess the same crystalline structure. As the
paramagnetic shift is sensitive to sample temperature which
changes with the spinning rate, the value of 252.4 ppm obtained
at 31.25 kHz by Bregiroux et al. [51] will be considered instead of
260 ppm found at 15 kHz by Maron et al. [52]. Interestingly, 4f3
and 5f3 compounds exhibit very similar shifts, suggesting a similar
environment. In contrast, the FWHM of ∼35 ppm and ΔCSA¼
442 ppm are higher for the 4f3 compound. As these compounds
present almost the same Nd–O and Pu–O distances and O–Nd–O
and O–Pu–O angles, the differences in the two latest parameters
must be a consequence of different paramagnetic effects.4. Conclusions
We present here a full structural analysis of PuPO4 based on
Rietveld analysis of room temperature X-ray diffraction data,
XANES and MAS NMR measurements. XANES conﬁrms the þ III
valence state of plutonium and indicates the presence of a minute
amount of AmIII (about 2 mol%) in the analyzed sample. 31P MAS-
NMR agree with the XANES results showing additional peaks as
expected for this type of solid-solution. Based on the present re-
sults, the simplicity of the synthesis method and the thermo-
dynamic stability of the Pu-monazite, we are conﬁdent that PuPO4
is an excellent a PuIII reference compound for different spectro-
scopic and microscopic techniques.Acknowledgements
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